Forward osmosis (FO) is gaining increasing interests for its potential applications in biofuel generation. In this study, bench-scale experiments were conducted to investigate the FO performance for microalgae dewatering which is one of the technical challenges in algal biofuel production. The filtration performance was assessed by analyzing permeate water flux and algal biomass concentration in the feed solution. Compared to the active layer facing draw solution (AL-DS) orientation (N45% flux reduction), active layer facing feed solution (AL-FS) was more efficient (b15% flux reduction) due to the lower membrane fouling and higher cleaning efficiency (N 90% water flux recovery after deionized water flushing). In the AL-FS orientation, FO performance strongly depended on the draw solution chemistry with NaCl exhibiting the best results. When Ca 2+ -containing solution was used as draw solution, microalgae responded to the back diffusion of calcium ions by an extensive excretion of carbohydrates, accelerating the formation of algal flocs, thus enhancing the rate and extent of flux decline and reducing the algae dewatering efficiency. However, most of the flux decline was reversible by simple hydraulic flushing without any chemical cleaning reagents and air scouring. In addition, substantial adsorption of algal biomass was observed on feed spacer. This study has the implication for Scenedesmus obliquus dewatering using FO technology. Selection of AL-FS orientation, Ca 2+ -free draw solutions and prevention of microalgae adhesion onto feed spacer may significantly improve the efficiency and productivity of the dewatering process.
Introduction
Microalgae have attracted increasing attention due to their promising application in sustainable biofuel generation, wastewater remediation, carbon dioxide sequestration and pharmaceuticals production [1] . Despite the promise, one technical challenge remaining to be overcome is the high energy cost of algae harvesting and dewatering that accounts for 20-30% of the total operating cost [2] . Conventional methods for microalgae dewatering include centrifugation, flocculation, sedimentation and any combination of these. But they are either prohibitively energy intensive, damaging algal cells, or negatively affecting biomass quality [3] . Pressure-driven membrane filtration processes such as ultrafiltration are alternative techniques for microalgae harvesting due to their higher separation efficiency, easy operation and no or little need of chemical addition. Petrusevski et al. [4] reported to harvest microalgae with an overall intact biomass recovery between 70% and 89% by using tangential crossflow 0.45 μm membrane filtration. However, these pressure-driven membrane processes are highly susceptible to fouling with much of them irreversible [5] .
Forward osmosis (FO) membrane filtration process is an emerging and promising alternative for microalgae primary harvesting prior to further thickening and drying. It is a passive process that uses an osmotic pressure difference as the driving force. In the FO process, water moves across a semipermeable membrane from a feed solution of lower osmotic pressure (e.g., algal suspension) to a draw solution of higher osmotic pressure (e.g., desalination brine) [6] . In comparison with pressure-driven microfiltration and ultrafiltration, FO demonstrates unparalleled advantages of lower energy consumption, superior separation efficiency, potentially lower fouling tendency and more recovery of intact algal cells due to the lack of hydraulic pressure [7] . With the development of more efficient membranes, FO has been considered for various dewatering applications, such as pre-concentration of wastewater to facilitate the subsequent anaerobic digestion [8] , landfill leachate dewatering [6] and concentration of fruit juice [9] .
In 2009, the National Aeronautics and Space Administration (NASA) proposed an elegant concept -a coastal floating system integrating photobioreactor and FO [10] . In brief, the system is designed to grow microalgae in sewage inside a plastic bag that floats offshore. The bag is made of FO membranes that allow fresh water to flow out into the ocean while concentrating the algal biomass. As long as the draw solution has higher osmotic pressure than the algal suspension in the feed side, the process can be carried out indefinitely with no other inputs. This technology is still in an early stage of development and significant processes of optimizations are required. Some critical issues remain unsolved. For example, high biomass concentration is expected in the concentrated feed water. This will cause potential fouling problem, which can reduce algae dewatering efficiency and increase the overall operating costs and membrane degradation. Understanding the fundamental mechanisms and consequences of membrane fouling is critical to develop efficient and cost-effective fouling control strategies and, thus, enabling more sustainable application of FO membrane technology for microalgae dewatering.
A variety of draw solutions have been explored for FO applications, such as naturally available ocean water [11] , brine from desalination plants [12] , thermolytic salt ammonium bicarbonate and various simple electrolytes (e.g., NaCl and MgCl 2 ) [13] . Among these, the use of desalination brine for algae dewatering is very promising because (1) it is usually viewed as an unwanted residue and thus cheap; (2) it contains a significant amount of osmotic energy due to its very high salinity; (3) disposal of large quantities of brine can be very costly and there is an increasing concern over the adverse environmental and ecological impacts of brine disposal. When brine is used to draw clean water out of algae suspension in the FO process, the high quality permeate water mixes with the brine and substantially reduces its concentration. Thus the algae dewatering process also allows cost effective and environmentally friendly brine disposal.
The back diffusion of salts from draw solution to feed solution may induce complicated interactions with algal biomass and thus the draw solution chemistry may play an important role in the FO performance for algae dewatering. Zou et al. [14] highlighted the adverse impact of Mg 2+ ions, that bind with carboxylic acid functional groups during the concentration of Chlorella sorokiniana and thus cause a severe flux decline. Given the diversity of draw solutions and complexity of algal biomass, further research efforts are necessary to better understand the FO process applied for algal dewatering. For example, the intricate relationship between draw solution types, algal species, membrane fouling behavior, and algal dewatering efficiency is still poorly understood. In addition, more study is needed to determine the maximum achievable algae concentration level, which depends on membrane type and orientation [15] , module configuration and hydrodynamic conditions (e.g., spacer design) [16] , and feed/draw solution composition and concentration [17] . These factors influence mass transfer, internal concentration polarization (ICP) and membrane fouling and thus govern the FO performance. As a first step towards filling these knowledge gaps, we conducted a study of green algae Scenedesmus obliquus dewatering by commercially available FO membranes. S. obliquus was selected as model microalgae because it is often applied for biofuels production and wastewater treatment [18] . The objectives of this study were to (1) systematically investigate the effect of draw solution chemistry on flux behavior and algal dewatering efficiency; and (2) develop a fundamental understanding of the membrane fouling mechanisms involved during algal dewatering process with FO, by combining the data derived from filtration experiments and microalgae suspension/membrane characterization. The effect of orientation, membrane type and feed spacer was also investigated. The findings of this study provide comprehensive insights into the FO process design in terms of draw solution selection, membrane module design and fouling control.
Materials and methods

Microalgae cultivation and characterization
Freshwater green algae S. obliquus were obtained from Culture Collection of Algae and Protozoa (CCAP, UK). The alga has an ellipsoidal shape and is around 5 μm in width and 10 μm in length based on microscopic observation (Olympus IX71, Olympus Corporation, Tokyo, Japan). S. obliquus was cultivated in modified BG-11 medium (Table A. 1, Appendix A) following the recommendations of CCAP. Suspensions were continuously stirred and lit with fluorescent lights at 100 μmol photons/m 2 s. Air (75 L/h), naturally containing a small portion of CO 2 , was also sparged into the photobioreactor to maintain optimal algal growth. The pH of the culture ranged from 6.5 to 7.5 depending on the growth phase. The growth of S. obliquus was periodically monitored by measuring its optical density with a spectrophotometer (Helios Zeta, Thermo Scientific, UK) at 435 nm wavelength [19] . The microalgae suspension was harvested at the end of exponential phase when its concentration reached 2-3 g dry weight/L. This stock solution of microalgal biomass was diluted in BG-11 medium for the preparation of the feed solution (containing 0.2 g/L algal biomass) used in all FO experiments, to mimic the algae concentration obtained in raceway ponds [20] . In the BG-11 medium, the algal cells exhibited negatively zeta potential of 15.45 ± 1.87 mV (Zetasizer nano, Malvern Instruments Ltd., UK).
Draw solution chemistry
Draw solution chemistries investigated for FO experiments included simple electrolytes (NaCl, MgCl 2 and CaCl 2 ) and a commercial sea salt. All salts were ACS reagent grade (Sigma-Aldrich, UK). The draw solution was made by dissolving each type of solute to achieve the desired concentrations. The concentration of sea salt was 70 g/L to mimic the salinity of brine from typical reverse osmosis (RO) desalination plant [21] . The ionic composition of 70 g/L sea salt is provided in Table 1 (calculated from manufacturer's data). The osmotic pressure of feed solution and all draw solutions was determined from
where π is the osmotic pressure (Pa), β is the dimensionless Van't Hoff factor, C is the molar concentration of solute, R is the gas constant 
FO membranes
Two commercial FO membranes (CTA and TFC) were used in this study. Both membranes were provided by Hydration Technology Innovations (Albany, OR, USA). CTA has a dense selective layer (active layer) made of cellulose triacetate and TFC has an active layer made of polyamide. Both membranes have asymmetric structure with the active layer supported by embedded polyester screen mesh to enhance their 0.02 mechanical strength. Both membrane orientations, active layer facing feed solution (AL-FS) and active layer facing draw solution (AL-DS), were tested. The pure water permeability (A) and solute permeability (B) of the FO membranes were determined at 25 ± 1°C in a pressurized dead-end filtration test unit (Millipore, UK) with a stirring speed of 6 ×g to minimize external concentration polarization on the membrane surface. The effective membrane area was 40 cm 2 . The pure water permeability was determined by measuring the permeate water flux over a range of applied pressures (1-5 bar). Using a feed solution containing 10 mM of individual simple electrolyte or commercial sea salt, the rejection of the corresponding solutes was calculated from feed and permeate conductivity measurements (Ultrameter II, Myron L Company, CA, USA). The solute permeability was calculated based on the solution-diffusion theory [22] :
where ΔP and Δπ are the hydraulic pressure difference and osmotic pressure difference across the membrane, respectively; R s is the rejection of specific solutes.
FO experimental setup
All FO experiments were conducted using a custom fabricated bench-scale crossflow FO system (Fig. B.1, Appendix B) , which is similar to that described in our previous studies [23] [24] [25] . Conceptual illustration of microalgae dewatering by FO is depicted in housed in a cross-flow membrane cell. Diamond-patterned spacers were obtained from a commercial FO spiral wound module (HTI, OsMem™) and placed on both sides of the membrane to promote mass transfer [26] . Counter-current flow was used to circulate both feed and draw solutions on both sides of membrane using a variablespeed peristaltic pump (Cole-Parmer, Vernon Hills, IL, USA). The crossflow velocities were maintained at 9.6 cm/s during all experiments on both side of the membrane. The feed solution was well mixed by a magnetic stirrer to prevent microalgae sedimentation. The draw solution tank was placed on a digital scale (Denver Instrument, Denver, USA) and weight changes as a function of time were used to determine permeate water flux. The solution temperature was maintained at 25 ± 1°C using a recirculating water chiller/heater (Fisher Scientific, Loughborough, UK). Samples from the feed tank and draw solution tank were taken at specified time intervals for conductivity measurement.
Protocols of algae dewatering by FO Membrane Filtration
FO algae dewatering experiments comprised three steps: (1) equilibration, (2) algae dewatering, and (3) cleaning. First, membrane coupon was equilibrated with BG-11 medium as feed solution and desired draw solution for at least 30 min until a stable water flux was achieved. This flux was recorded as initial flux. Second, algae dewatering was initiated with 1 L of algae suspension (0.2 g/L) in feed tank and 6 L of draw solution. The FO filtrations were considered complete when the concentration factor reached 4 (750 mL of permeate was extracted from the original algal suspension), which took 4.5-6.5 h depending on membrane type, orientation and draw solution composition. To minimize the impact of draw solution dilution on FO performance, draw solution concentration was monitored by conductivity measurement and maintained constant by dosing from a concentrated stock solution [27] . To quantify the permeate flux loss caused by algae fouling, baseline experiments were also conducted under identical conditions to the corresponding algae FO experiments, except no algae biomass was added into the feed solution. The flux loss caused by algae fouling was determined by:
where ΔJ w is normalized water flux loss, J w,a and J w,b are water flux in algae dewatering test and baseline test at specific concentration factor, respectively. At the end of algae dewatering experiments, both feed and draw solution tanks were emptied and the membrane system was rinsed with deionized water at a crossflow velocity of 19 
where J w ,0 and J w ,c are initial water flux and water flux after cleaning, respectively.
Extracellular proteins and carbohydrates analysis
At specified time intervals, feed samples (15 ml) were taken and centrifuged at 6 ×g for 20 min. Protein concentration in the supernatant was determined using the modified Lowry method with bovine serum albumin as a standard [28] . Carbohydrate concentration was determined using phenol-sulphuric acid method with glucose as a standard [29] . Total extracellular protein/carbohydrate contents (mg) in the feed solution were then calculated from the product of protein/carbohydrate concentrations (mg/L) and feed volume at the time when the samples were taken. Table 2 shows the pure water permeability (A), solute permeability (B), and selectivity (B/A) of the FO membranes used. The A value of CTA membrane was about half that of the TFC membrane. This is consistent with the finding by Ren and McCutcheon [30] . The lower B/A ratios of CTA membrane indicate its better salt rejection compared to TFC membrane. For both membranes, the B values followed the same order of decline: NaCl N sea salts N MgCl 2 N CaCl 2 . The higher B value of NaCl is attributed to the smaller hydrated radius and lower electrical charge of Na + compared to Mg 2+ and Ca 2+ [31, 32] .
Results and discussion
Membranes performance parameters
Flux decline during dewatering of S. obliquus by FO membranes
This section shows the water flux behavior during the filtration of S. obliquus with sea salts as draw solution. The filtration flux as a function of volumetric concentration factor for both baseline and algae dewatering experiments are summarized in Fig. 1a . In all cases, water flux declined with the increase of concentration factor. The flux decline is attributed to (1) membrane fouling and (2) a loss of osmotic driving force across the FO membrane due to an enhanced salinity in the feed solution (Fig. 1c) . To better understand membrane fouling during algae dewatering, it is necessary to separate the effect from feed salinity increment. In this regards, the baseline flux was discussed first.
For both CTA and TFC membranes, the initial baseline flux in the AL-FS orientation was lower than that in the AL-DS orientation. This observation is consistent with previous studies and is due to the fact that the dilutive ICP in the AL-FS orientation has greater effect on water flux compared to the concentrative ICP effect in the AL-DS orientation [15, 22, 26] . In all the baseline tests, water flux declined with the increase of concentration factor. This decline can be explained as follows. The extraction of pure water from feed to draw solution and the reverse diffusion of draw solutes into the feed solution led to an enhanced feed conductivity/salinity (Fig. 1c) and thus a reduced osmotic driving force across the membrane active layer. As the water flux (Fig.  1a) and feed conductivity (Fig. 1c) are plotted as a function of concentration factor, greater rate of flux decline and conductivity increment indicate a more severe effect of draw solutes reverse diffusion.
When active layer was facing the feed solution, the TFC membrane achieved a higher initial water flux (8.42 L/m 2 ·h) than CTA membrane (6.71 L/m 2 ·h). The higher initial flux of TFC membrane is consistent with its higher A value (Table 2 ). However, the TFC membrane exhibited a more noticeable water flux decline. At the end of baseline tests, TFC membrane showed a greater flux reduction (20.3%) than CTA membrane (11%). The greater flux decline of TFC is due to its lower salt rejection (indicated by a higher B/A value in Table 2 ) which led to more back diffusion of draw solutes (Fig. 1c) and thus more reduction in osmotic driving force. In the AL-DS orientation, TFC exhibited a lower initial flux (8.97 L/m 2 ·h) than CTA membrane (9.98 L/m 2 ·h). Considering its higher A value, this phenomenon indicates that an immediate back diffusion of draw solutes took place during the equilibration step. Draw solutes diffused through the membrane active layer accumulate in the porous support layer to exacerbate ICP effect which caused a reduction in the effective osmotic driving force and thus a lower water flux. At the end of baseline tests, TFC membrane exhibited a much greater flux reduction (61.3%) compared to CTA membrane (23.8%). As discussed above, this can be explained by its more severe draw solutes back diffusion (Fig. 1c) . For both membranes, flux decline rate was more significant in the AL-DS orientation (particularly for TFC membrane), indicating that the effect of draw solute back diffusion on water flux reduction is more severe (due to the reverse solute diffusion induced ICP) when active layer is facing the draw solution.
The degree of membrane fouling was assessed by comparing the water flux of algae dewatering experiments to its corresponding baseline flux. Fig. 1b presents the normalized flux loss due to algae fouling. Generally, flux loss in the AL-DS orientation increased more drastically with the increase of concentration factor than that in the other orientation. This demonstrates that more severe algae fouling occurred when active layer was facing the draw solution. In the AL-DS orientation, the flux loss increased instantaneously after algae was added into the feed solution, and then slowed down. At the end of tests, the water flux was significantly declined by 59.5% for TFC membrane and 45.1% for CTA membrane. Such severe membrane fouling can be caused by a combination of (1) internal adsorption of algal biomass inside the porous support layer of membrane which results in an increase of hydraulic resistance; and (2) pore clogging enhanced concentrative ICP due to the reduction of mass transfer coefficient in the membrane support layer [22, 24] . In contrast, the AL-FS orientation exhibited a superior fouling resistance. At the end of test, water flux loss was less than 15% for both membranes. The marginal membrane fouling is attributed to the deposition of algal biomass onto the active layer surface which can change the effective pore size of the membrane through sealing the molecular-scale defects and introducing an additional barrier to restrict the transport of water molecules [24] .
Membrane cleaning experiments were performed immediately after algae dewatering in order to test the fouling reversibility. Fig. 2 presents the flux recovery after cleaning with deionized water flushing and by osmotic backwash. In the AL-FS orientation, water flux could be recovered up to 90% of the initial flux by deionized water flushing and could be further recovered by osmotic backwashing. This suggests that algal biomass is loosely attached onto membrane surface. Most of the membrane fouling is reversible by simple hydrodynamic cleaning steps. In this regard, algal dewatering by FO may offer a great benefit in eliminating the need for harsh chemical cleaning and air scouring, both of which are widely used for microfiltration and ultrafiltration fouling control but increase membrane degradation, energy consumption, and operating cost. Thus, FO has the promise for low-chemical and energy efficient microalgae dewatering. In the AL-DS orientation, the flux loss could not be recovered by deionized water flushing. The osmotic backwash was not very effective, with flux recovery of only 76% and 72% for CTA and TFC membrane, respectively. This observation indicates that algal biomass binds strongly to the internal structure of membrane support layer and this internal adsorption/clogging is the dominating fouling mechanism. Based on the above discussion, AL-FS outperformed AL-DS in the application of algae dewatering. To better understand the FO performance on algae dewatering and gain more insight into the adverse role of draw solutes back diffusion, the effect of draw solution chemistry on flux behavior and algal dewatering efficiency using CTA membrane in the AL-FS orientation was systematically investigated in next section. The selection of CTA membrane is due to its superior separation efficiency. Fig. 3a presents the water flux loss due to membrane fouling with different types of draw solution. Algae biomass did not cause much membrane fouling for NaCl and MgCl 2 draw solutions during the whole filtration process (water flux loss was below 8%). However, when Ca 2+ ions were present in the draw solution, flux declined to a greater extent. At the end of experiments, the overall extent of flux loss followed the order of CaCl 2 » sea salts (containing 0.82 g/L of Ca 2+ ) N NaCl ≈ MgCl 2 . This finding indicates severe fouling will occur when CaCl 2 is used as draw solution although CTA membrane was proven to have a better fouling resistance in the AL-FS orientation [33] . Thus, selection of a proper draw solution should be an important consideration for the FO application in algae dewatering. Fig. 3b shows the algal biomass concentration in feed tank over the filtration process. The black dash line demonstrates the expected algae concentration as a function of concentration factor, which should reach 0.8 g/L at the end of experiments if all the algae biomass can be harvested effectively. However, experimental results were always lower than the prediction. Because feed water was re-circulated back to the feed tank throughout the filtration test, the observed biomass loss is most probably attributed to algae deposition onto membrane and/or feed spacer. A greater loss indicates a more severe deposition. The overall algae harvesting efficiency followed the order of sea salts ≈ NaCl N MgCl 2 N CaCl 2 . When CaCl 2 was used as draw solution, the greatest loss in both water flux (70.9%) and algal biomass (47.2%) can be explained by the back diffusion of Ca 2+ ions from draw solution into feed solution. The lowest B value for CaCl 2 ( Table 2) indicates there are specific interactions between Ca 2+ and algal biomass. Once diffused through the membrane, Ca 2+ ions bind preferentially to oxygen atoms of carboxylate groups in a highly organized manner and form bridges between adjacent algal cells as well as their extracellular polysaccharides (EPSs) and soluble microbial products (SMPs), leading to the egg-box-shaped gel network [14, [34] [35] [36] . As a result, large microalgae flocs were formed in the feed tank (Fig. 4c ) which could readily adsorb onto membrane and/or feed spacer. The larger size of microalgae flocs may increase the compressibility of the fouling layers, leading to a greater overall hydraulic resistance [37] . Therefore, the use of CaCl 2 as draw solution led to a severe loss in both algal biomass and water flux. When NaCl and MgCl 2 were used as draw solution, no obvious water flux decline (b 8%) was noticed. However, more than 25% of algal biomass was lost at the end of experiment. This phenomenon suggests (1) most of the algae deposition takes place onto the mesh spacer in the feed channel rather than onto membrane and (2) the biomass deposited on feed spacer may not augment the hydraulic resistance significantly. The finding in this study disagrees with a previous work by Zou et al. [14] . They showed a significant flux decline during C. sorokiniana dewatering with MgCl 2 as draw solution. These conflicting findings can be attributed to the different surface chemistry (such as charge, functional groups and free energy) between S. obliquus and C. sorokiniana used in the two studies. S. obliquus differs from C. sorokiniana in their cell wall chemical composition by the presence of a great concentration of mannose and fructose, which can bind/interact specifically with Ca 2+ [38, 39] . Clearly, an optimal dewatering method depends on the species of microalgae. As presented in . The back diffusion of these divalent cations led to the formation of algal flocs which could readily deposit onto membrane and feed spacer, resulting in 23.1% of algal biomass lost from the feed and 16.3% of water flux reduction when sea salt was used as draw solution. The higher flux loss with sea salt as draw solution compared to that with NaCl and MgCl 2 is due to the strong gel formation ability of Ca 2+ (and Sr 2+ ), which promotes membrane fouling [40] . As confirmed via microscopic observation (Fig. 4) , the size of algal flocs formed at the end of FO test followed the order: CaCl 2 » sea salt N MgCl 2 ≈ NaCl. To further understand the mechanisms underneath the significant fouling with CaCl 2 as draw solution, the amount of extracellular carbohydrates and proteins was determined in the feed solution (Fig. 5) . In all cases, protein level (below 3 mg) was more than two orders of magnitude lower than carbohydrate level. Furthermore, no obvious patterns of change were seen in the protein amount. Hence, the discussion below will focus on the changes in carbohydrate amount throughout the algae dewatering experiments. When NaCl and MgCl 2 were used as draw solution, carbohydrates amount showed a decline after FO filtration, followed by an increase to its initial level after deionized water flushing (Fig. 5a ). This trend indicates that the extracellular carbohydrates deposit onto membrane and/or feed spacer during the FO processes and the deposited compounds can be easily removed by simple flushing. In contrast, more carbohydrates were detected after filtration with Ca 2+ -containing draw solutions. Particularly, the carbohydrates amount was up to 3 times higher than its initial value after filtration with CaCl 2 as draw solution. The authors speculate that algal cells "leak" more carbohydrates after interacting with the Ca 2+ ions back diffused from the draw solution. Indeed, a high local concentration of Ca 2+ could cause disturbance in a complex mechanism involved in photosynthesis known as "Ca 2+ signal", which is also a response to stress conditions in the nutrition process [41, 42] . These carbohydrates, in turn, specifically bind with Ca 2+ ions and further enhance the formation of gel network containing algal cells, Ca 2+ ions, EPS and SMP [22, 33, 43] . Further investigation needs to support this hypothesis. 
Effect of draw solution type on algae dewatering
Effect of feed spacer on algae dewatering
To test our hypothesis that most algal biomass deposits onto and/or traps inside the feed spacer, FO experiments with sea salt as draw solution were performed without a spacer in the feed channel. Fig. 6 shows the effect of feed spacer on algal biomass concentration. Without using a feed spacer, the experimentally measured biomass concentration was very close to the predicated values. At the end of test, over 95% of the algal biomass was harvested in the feed tank, significantly higher than that achieved with a feed spacer (around 75%). These findings revealed a negative effect of using feed spacer on algae dewatering efficacy due to the easy accumulation of algal cells inside spacer. However, the beneficial effect of feed spacer is well known for both pressure-driven and osmotically driven membrane filtration thanks to the improved mass transfer (and thus the reduced external concentration polarization effect) over the membrane surface [44] . Hence, in the application FO for algae dewatering, feed spacer needs to be further optimized in terms of material and geometry to reduce the risk of cell accumulation into the spacer and enhance mass transfer over the membrane surface in the feed channel.
Conclusions
This study explored the potential of utilizing FO as a low-energy and low-chemical consuming process for microalgae dewatering. Effects of membrane orientation, draw solution chemistry and feed spacer were investigated. AL-FS orientation outperformed AL-DS orientation due to its much lower membrane fouling and greater cleaning efficiency. Algae dewatering by FO in the AL-FS orientation may eliminate the need for harsh chemical cleaning which not only shortens membrane life but also increases operating cost. When using RO desalination brine as draw solution, the diluted brine offers additional benefits including reduced environmental impact of brine discharge together with reduced energy consumption/cost in RO desalination. In the AL-FS orientation, the efficiency and productivity of the dewatering process depended on draw solution chemistry. Among the four types of draw solution tested, NaCl exhibited the best results. In contrast, for Ca 2+ -containing draw solutions, back diffusion of Ca 2+ ions into the feed solution encouraged S. obliquus to excrete more carbohydrates, accelerated the formation of algal flocs, enhanced the rate and extent of flux decline and reduced the algae dewatering efficiency. In addition, a large amount of microalgae adhered onto feed spacer which negatively affects the whole process yield. Further, studies on feed spacer optimization and FO dewatering of other algae species are necessary.
